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ABSTRACT
Recent X-ray observations have revealed remarkable correlations between the masses of cen-
tral supermassive black holes (SMBHs) and the X-ray properties of the hot atmospheres per-
meating their host galaxies, thereby indicating the crucial role of the atmospheric gas in trac-
ing SMBH growth in the high-mass regime. We examine this topic theoretically using the
IllustrisTNG cosmological simulations and provide insights to the nature of this SMBH –
gaseous halo connection. By carrying out a mock X-ray analysis for a sample of TNG100
simulated galaxies with M∗ > 3× 109M at z = 0, we inspect the relationship between the
mass of SMBHs and the X-ray temperature and luminosity of the hot atmospheres at various
spatial and halo scales – from galactic (∼ Re) to group/cluster scales (∼ R500c) – and com-
pare the results with available X-ray observations. We find prominent correlations between
the masses of central SMBHs and the hot atmospheres X-ray properties only in quenched
galaxies and find that the correlations become stronger and tighter at larger radii. Critically, in
TNG100 the X-ray temperature (kBTX) of the circum-galactic or intra-group/cluster medium
(r & 5Re) traces the SMBH mass with remarkably small scatters (∼ 0.2 dex). The relations
emerging from IllustrisTNG are broadly consistent with those obtained from recent X-ray
observations. Overall, our analysis suggests that, within the framework of IllustrisTNG, the
correlations between the central SMBHs and the atmospheric gas temperature at the high-
mass end at z = 0 (MBH & 108M or total halo mass & 1012M) are fundamentally a
reflection of the SMBH mass – halo mass relation, which at such high masses is set by the
hierarchical assembly of structures. The exact form, locus, and scatter of those scaling rela-
tions are, however, sensitive to feedback processes such as those driven by star formation and
SMBH activity, throughout the studied mass and spatial scales.
Key words: galaxies: general — galaxies: ISM: CGM — galaxies: clusters: ICM — galaxies:
supermassive black holes — X-ray: galaxies: clusters — methods: numerical
1 INTRODUCTION
Supermassive black holes (SMBHs) are nearly ubiquitous in mas-
sive galaxies in the local Universe (see Kormendy and Ho 2013;
Saglia et al. 2016; van den Bosch 2016 for recent SMBH cata-
logues). They are thought to be the central engines powering the
feedback from active galactic nuclei (AGN), which is a standard
ingredient in cosmological galaxy simulations for its crucial role
in quenching star formation as well as partially shaping the ther-
modynamics of the hot atmospheres permeating massive galaxies
as well as groups and clusters of galaxies (Springel et al. 2005;
? truong@mpia-hd.mpg.de
Booth and Schaye 2009; McCarthy et al. 2010; Planelles et al.
2014; Schaye et al. 2015; Choi et al. 2015; Weinberger et al. 2017;
Henden et al. 2018; Dave´ et al. 2019). Understanding the interac-
tion between SMBHs and their host galaxies, as well as their overall
co-evolution, is thus particularly important for our understanding of
galaxy formation and evolution. This can be done, albeit indirectly,
by inspecting the correlations between SMBH masses and galaxy
properties (see Kormendy and Ho 2013 for a review).
It has been established observationally that SMBHs strongly
correlate with the properties of the stellar components of their host
galaxies (bulge mass, bulge luminosity, and stellar velocity disper-
sion; Magorrian et al. 1998; Gebhardt et al. 2000; Ha¨ring and Rix
2004; Gu¨ltekin et al. 2009; McConnell and Ma 2013). The exis-
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tence of these correlations suggests the existence of a close inter-
action between the AGN and the interstellar medium in the central
region of the host galaxy (Silk and Rees 1998; King 2003; Chura-
zov et al. 2005). They also serve as a valuable mean for estimating
the SMBHs mass via the measurements of their observable stel-
lar proxies. However, at the high-mass end, it is intriguing that the
SMBHs appear to be over massive with respect to the predictions
of their stellar mass proxies (Gebhardt et al. 2011; McConnell et al.
2011; Hlavacek-Larrondo et al. 2012; Ferre´-Mateu et al. 2015; Sa-
vorgnan and Graham 2015).
Recently, X-ray observations have revealed remarkable cor-
relations between the central SMBH masses and the X-ray prop-
erties of the hot atmospheres at various spatial and galaxy/halo
scales (Bogda´n et al. 2018; Phipps et al. 2019; Lakhchaura et al.
2019; Gaspari et al. 2019; Martı´n-Navarro et al. 2020). Impor-
tantly, these studies show that at the high-mass end (SMBH masses
& 5− 10× 107M), the X-ray quantities, in particular the X-ray
gas temperature, correlate with the SMBH mass even better than
the bulge mass and stellar velocity dispersion. These results sug-
gest that the hot atmospheric gas could be the best tracer of SMBH
growth at the high-mass end.
Yet there is no general consensus regarding the explanation
for the origin of the correlations between the SMBH mass and the
X-ray properties of the hot atmospheres. Bogda´n et al. (2018) in-
terpret the correlation between the central SMBH mass and the
intra-cluster medium (ICM) temperature (kBT500c) as a result of
cluster-scale processes such as accreted cold gas inflows or merg-
ers that feed the SMBH growth. Lakhchaura et al. (2019) only
found significant correlations for brightest group and cluster galax-
ies (BGGs/BCGs) or cored galaxies, as opposed to non-BCGs
and lenticular (S0) galaxies, making them speculate that the cor-
relations might be established primarily by mergers. This line of
interpretation favors a non-causal picture of SMBH-galaxy co-
evolution, in which the SMBH and its host galaxy grow simulta-
neously by mergers, and the observed correlations arise naturally
as a consequence of the central-limit theorem (Peng 2007; Jahnke
and Maccio` 2011; Volonteri et al. 2011).
On the other hand, Gaspari et al. (2019) find that the SMBH
mass correlates with the X-ray quantities for their whole mixed-
type sample of galaxies, and the scatter remains approximately
constant across the investigated dynamical range. They interpret
the correlations between the SMBH mass and the hot atmospheres
as a consequence of the chaotic cold accretion (CCA) of the gas
condensed out of the turbulent X-ray atmosphere onto the cen-
tral SMBH, whereby sustaining a self-regulated feedback loop.
The result is consistent with a numerical study by Bassini et al.
(2019) who used simulated samples of galaxy clusters obtained
from zoom-in simulations to show that SMBH mergers are too rare
to establish the observed correlations by means of the central-limit
theorem. This line of interpretation embraces the scenario in which
the correlations between the central SMBHs and their host galaxy’s
properties are a direct result of a delicate feedback-regulated inter-
action between the SMBH and its host galaxy (Silk and Rees 1998;
King 2003; Churazov et al. 2005).
Theoretically, the properties of hot atmospheres are expected
to be shaped by a complex interplay of processes, such as gravita-
tional heating, radiative cooling, stellar and AGN feedback (see e.g.
Werner et al. 2019 for a review), making the explanation for the ori-
gin of the observed correlations non-trivial. At the cluster mass and
spatial scales, the thermodynamical properties of the ICM are to
zeroth-order mainly determined by the total mass of the cluster ac-
cording to the self-similar model (Kaiser 1986), albeit the X-ray ob-
servations of the ICM reveal small deviations from the self-similar
predictions (see Giodini et al. 2013 for a review). Moving toward
the smaller scales of galaxies (i.e. integrating or mediating the
X-ray signals across smaller galactocentric apertures and around
lower-mass galaxies than BCGs), the properties of the observed at-
mospheric gas appear more susceptible to feedback processes (e.g.
Kim and Fabbiano 2015; Goulding et al. 2016; Lakhchaura et al.
2018; Babyk et al. 2018).
As a step toward better understanding the origin of the rela-
tionship between the mass of SMBHs and the X-ray properties of
hot atmospheres, in this paper we systematically study such corre-
lations from a theoretical and numerical perspective, from galactic
to cluster scales. In particular, we inspect the correlations among
X-ray gas properties (temperature and luminosity, in the∼ 0.3− 7
keV range), SMBH masses, and total halo masses in different mass
and spatial scale regimes and by varying the impact of astrophys-
ical processes, such as feedback activity relative to gravitational
physics. For this study, we employ data taken from the TNG100
run of the IllustrisTNG cosmological simulations (Marinacci et al.
2018; Naiman et al. 2018; Nelson et al. 2018a; Pillepich et al.
2018b; Springel et al. 2018). These simulations self-consistently
produce the large scale structure from the sub-galactic scales of
galaxies to those of groups and clusters of galaxies. Furthermore,
we use additional simulations with varying underlying physical
models to quantify the effects of different astrophysical processes.
In order to make a truthful comparison with X-ray data of galaxies,
we carry out mock X-ray observations for the simulated galaxies.
However, given their complexity and unknown nature, we cannot
accurately reproduce the selection functions of the observed galaxy
samples against which the IllustrisTNG outcome is placed.
The goals of this paper are twofold: i) to inspect the relation-
ships that emerge from a state-of-the-art galaxy formation model
between the masses of SMBHs and the X-ray properties of the hot
gaseous atmospheres around them across a wide range of mass and
spatial scales, i.e. from galaxies to clusters of galaxies, and com-
pare these to observations; and ii) to examine the effect of stellar
and SMBH feedback on such scaling relations.
The paper is organised as follows. In Section 2, we describe
our methodology, including: description of the simulated data, pro-
cedures of mock X-ray analysis, and the X-ray observed samples.
In Section 3, we present the predictions from the TNG100 simu-
lation, including the growth of SMBHs, the correlations between
SMBH masses with the X-ray properties of the hot atmospheres,
and their radial dependence. There we also derive analytical scaling
relations – and compare them to the simulation results – between
the masses of SMBHs and the physical properties of the gas un-
der the self-similar ansatz and the assumption that SMBH growth
traces total halo mass growth. Section 4 presents a comparison with
observational results. Then in Section 5 we explore the effects of
stellar and SMBH feedback on the SMBH-hot atmospheres cor-
relations. Finally we summarise the main results and conclude in
Section 6.
2 METHODOLOGY
2.1 The TNG100 sample and TNG model variations
Here, we briefly describe the simulations as well as the key fea-
tures of their underlying physical model. The sample utilised in
this study is taken from the cosmological magnetohydrodynamical
MNRAS 000, 000–000 (0000)
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simulations IllustrisTNG1 (hereafter TNG, Marinacci et al. 2018;
Naiman et al. 2018; Nelson et al. 2018a; Pillepich et al. 2018b;
Springel et al. 2018). The simulations are run with the AREPO
code (Springel 2010) and, to follow the evolution of the back-
ground Universe, a Λ-CDM cosmological model is used with cos-
mological parameters obtained based on the measurements from
the Planck satellite (Planck Collaboration et al. 2016): matter den-
sity Ωm = 0.3089, baryon density Ωb = 0.0486, dark energy den-
sity ΩΛ = 0.6911, Hubble constant H0 = 67.74 km s−1 Mpc−1,
amplitude of the matter power spectrum parameterized by σ8 =
0.8159, and primordial spectral index ns = 0.9667.
Galaxy formation in the TNG simulations (Weinberger et al.
2017; Pillepich et al. 2018a) is realised via a wide range of im-
portant astrophysical processes: primodial and metal-line radiative
cooling; modelling of star formation and evolution, supernova feed-
back and chemical enrichment; and modelling of SMBH growth
and feedback.
The TNG simulations were performed in different flagship
runs with varying resolution and simulated volumes. For this study,
we employ the simulated data at z = 0 from TNG100 because it is
an optimal combination between having a reasonably good resolu-
tion (mbaryon = 1.4 × 106M) and a sufficiently large simulated
box with a cubic length of (110.7 Mpc)3. The size of the simu-
lated box is comparable to the volume probed by current X-ray ob-
servations of massive galaxies in the local Universe (within ∼ 100
Mpc), while the relatively good resolution of TNG100 allows us to
investigate the hot atmospheres from galactic (∼ few kpc) to clus-
ter scales (∼ Mpc). The reader is referred to Truong et al. 2020
for a comparison of the X-ray properties of the gaseous haloes be-
tween TNG100 and the higher-resolution run TNG50 (Nelson et al.
2019a; Pillepich et al. 2019).
In addition to TNG100 galaxies, we employ a few model vari-
ation runs in which different physical recipes are implemented in
comparison to the fiducial TNG model. These are performed at
the same numerical resolutions as TNG100 on a cosmological vol-
ume of about 37 comoving Mpc a side and are labeled L25n512
(Pillepich et al. 2018a). In particular, we will use a set of model
variation runs where the stellar and SMBH feedback are altered
compared to the fiducial model, as described in Section 5 and sum-
marized in Table 2.
Throughout the paper, we select simulated galaxies at z =
0 with MBH > 0 for the study of SMBH growth. We limit our
X-ray analysis to a mass-selected sample of galaxies with M∗ >
3× 109M. We include both central and satellite galaxies, unless
otherwise explicitly noted.
2.1.1 Modelling of SMBH growth and feedback in TNG
simulations
Here, we briefly recall the key aspects of the SMBH model in
the TNG simulations (see Weinberger et al. 2017, 2018 for a full
description). A SMBH seed mass of 1.18 × 106M is assigned
to a Friend-of-Friend (FOF) identified halo with a mass above
7.38 × 1010M that does not yet harbor a SMBH. The SMBH
can then grow by gas accretion according to the Eddington-limited
Bondi model (see equations 1-3 in Weinberger et al. 2018) and by
mergers with other SMBHs.
In the TNG simulations, AGN feedback is modelled by a two-
mode model, in which the SMBH can release feedback energy to
1 http://www.tng- project.org
the surrounding environment in the form of thermal (thermal mode)
and kinetic (kinetic mode) energy. The amount of injected energy
is determined by the accretion rate onto the SMBH (see equations
7-9 and the associated efficiency parameters in Weinberger et al.
2017). The difference between the two feedback modes is set by the
accretion rate onto the SMBH for which the thermal mode is active
at high accretion rates, while at low accretion rates the kinetic mode
is switched on. More precisely, the kinetic mode occurs when the
Eddington ratio (χ) falls below the threshold:
χ = min
[
0.002
(
MBH
Mpivot
, 0.1
)]
, (1)
where MBH is the SMBH mass and Mpivot = 108M is a char-
acteristic SMBH pivot mass. The numerical values of equation (1)
had been determined via a calibration process aimed at reproduc-
ing, among other galaxy statistics, realistic stellar properties such
as the stellar mass function and the spatial extent of the stellar pop-
ulation at z = 0 (see Weinberger et al. 2017; Pillepich et al. 2018a
for details).
2.2 Computation of the properties of simulated galaxies
2.2.1 Mock X-ray analysis
To make a fair comparison with observations, we carry out a mock
X-ray analysis of the simulated galaxies that resembles the proce-
dure of analysing real X-ray data. The mock procedure consists
of two steps: i) generating mock X-ray spectra on a galaxy-by-
galaxy basis, obtained by summing up the spectra from individual
gas cells; and ii) fitting the mock spectra to obtain for each galaxy
the X-ray quantities of interest, such as gas temperature and lu-
minosity (see Truong et al. 2020 for a detailed description of the
method, here unchanged, and a discussion on relevant issues).
For each galaxy, we start with gas cells that are selected by the
SUBFIND algorithm, namely they are gravitationally bound to the
host galaxy. We select non star-forming gas cells that lie within a
cylindrical region with a radius of interest. The cylinder is centred
at the most gravitationally bounded element of the galaxy, deter-
mined by SUBFIND, and it is randomly oriented, in our case along
the z-axis of the simulation box, regardless of the galaxy configu-
ration. The height of the cylinder is set to equal 10Re, where Re
is the half-light radius (see the definition below), to account for
projection effects. To study the galactic X-ray emission, we make
measurements for regions within radii ofRe and 5Re for both satel-
lite and central galaxies. For central galaxies, we further measure
the X-ray emission withinR500c, the spherical radius within which
the mean density is 500 times greater than the critical density of the
Universe (see detailed definition below in Section 2.2.3).
We note that our choice of selecting SUBFIND-based gas
cells from simulations is aimed to investigate X-ray properties of
gaseous atmospheres that are gravitationally bound to their host
galaxy. This selection, for instance in the case of central galaxies,
automatically excludes the X-ray emission coming from satellite
galaxies that belong to the same halo, while for the case of satellite
galaxies, it excludes the contribution from the intra-halo gas, which
is typically gravitationally bound to the halo’s central and most lu-
minous galaxy. Excising the contribution from satellites for centrals
and from the background for satellites is what is typically done in
X-ray observations of galaxies in the local Universe, against which
we compare in this paper. However, this does not correspond to
what would be done in observational regimes with lower available
spatial resolution. We comment on how this selection affects our re-
MNRAS 000, 000–000 (0000)
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Figure 1. Illustration of the mock X-ray analysis for a TNG100 massive galaxy at z = 0. Left: the X-ray surface brightness map of the galaxy within the cube
2R500c × 2R500c × 2R500c (R500c ' 1 Mpc). The three circles mark the regions within Re, 5Re, and R500c, approximately indicating what in our jargon
we refer to as the gas within the galactic bodies, within the gaseous coronae, and throughout the intrahalo/intragroup/cluster media. Right: The mock X-ray
spectra extracted from the three regions as well as the corresponding best-fit curves obtaining from the fitting the spectra to a 1T APEC model (see text).
sults at the end of Section 4 and provide a quantitative assessment
in Appendix A.
To facilitate the comparison with real X-ray observations of
galaxies, a large fraction of which were obtained by the Chan-
dra X-ray Observatory (see Section 2.3 below), the mock X-ray
spectra are generated in a Chandra-like way. For each gas cell,
mock spectrum is produced by using the FAKEIT procedure imple-
mented in XSPEC (Smith et al. 2001), based on its thermodynam-
ical properties: gas density, temperature, and metallicity, assuming
a model for X-ray emission. In our study, we assume an absorbed
single-temperature APEC model [wabs(apec)]. The mock spectrum
is generated for an exposure time of 100 ks without applying any
background, and we assume Poisson statistical errors, based on the
photon counts. A column density of nH = 1020 cm−2 is applied
for galactic absorption. The Chandra-like fashion is achieved by
convolving the mock spectrum by the Chandra response files2 with
a spectral resolution of 150 eV. The final mock spectrum of a galaxy
within a certain radius is obtained by summing up the spectra cre-
ated for all the gas cells that fall within the region of interest. It
is then fitted to a single-temperature APEC model [wabs(apec)]
(1T) considering only the photon counts in the energy range of
0.3–7.0 keV (see Truong et al. 2020 for a discussion on single
vs. two temperature model results). For spectral fitting, we fix the
gas metallicity to its pre-computed emission-weighted value3. For
the Solar abundances we assume the values provided by Anders
2 We use response files for the default pointing of the 20th-cycle Chandra
ACIS-S detector.
3 It is defined in a similar fashion as the emission-weighed temperature
given in equation (3), i.e. Zew =
∑
i i×Zi∑
i i
, where Zi is metallicity of the
i− th gas element and i is its X-ray emission in the energy range 0.3–5.0
keV.
and Grevesse (1989). The spectral fitting procedure provides best-
fitting values for model parameters, i.e. the normalisation, which
is proportional to the gas density squared, the gas temperature, as
well as their associated uncertainties. The X-ray luminosity is de-
rived based on the best-fit model in the energy range of 0.5–7.0
keV.
To illustrate the procedure of our mock X-ray analysis, in
Fig. 1 we show an example of a massive central galaxy in TNG100.
As shown in the left panel, we can study the system’s hot atmo-
spheres from galactic (∼ Re) to cluster scales (∼ R500c). The X-
ray emission is extracted from three different regions: within pro-
jectedRe, 5Re, andR500c. The mock X-ray spectra associated with
the regions are presented in the right panel, shown along with the
corresponding best-fit 1T model of ∼ 4.3, ∼ 3.6, and ∼ 3.1 keV,
from smaller to larger apertures for the integration, respectively.
2.2.2 The definition of the “X-ray detected” sample
As thoroughly discussed in Truong et al. 2020, see their Appendix
A, not all mass-selected galaxies have reliable results obtained from
the mock X-ray analysis described above. This is due to a combina-
tion of various factors: the sensitivity of the simulated instrument
(Chandra ACIS-S), the choice for the exposure time (100 ks), the
simulation resolution, and the physical condition of simulated sys-
tems, i.e. they may contain a too small amount of hot gas to be
detected. As a result, a large fraction of the mass-selected sample
produces too few photons in the considered energy range of 0.3–
7 keV. To assess the goodness of the fitting results, we compare
the obtained temperatures with their intrinsic value, such as the gas
mass-weighted (Tmw) and emission-weighted temperatures (Tew),
MNRAS 000, 000–000 (0000)
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given by:
Tmw =
∑
img,i × Ti∑
img,i
, (2)
Tew =
∑
i i × Ti∑
i i
, (3)
where Ti (mg,i) is the temperature (mass) of the i−th gas cell, and
i is its X-ray emission in the energy range 0.3–5 keV. We exclude
systems with a best-fitting temperature (TX) that lies beyond the
3σ region around the average TX − Tew relation. This selection is
approximately corresponding to a lower limit of X-ray luminosity
LX(< Re) & 5 × 1037 erg/s. We are thus left with a subsample
with reliable mock X-ray measurements, that is about∼ 34% of the
original mass-selected sample (M∗ > 3 × 109M). We label this
subsample as ‘X-ray detected’ throughout the paper, comprising
approximately 3500 galaxies in TNG100 at z = 0.
2.2.3 Other properties of simulated galaxies
• Half-mass (r1/2), half-light (Re), and R500c radii. The stel-
lar half-mass radius is defined as a spherical radius within which
half of the galaxy’s stellar mass is contained. Within the half-light
radius half of the galaxy’s stellar light is contained. We use the for-
mer to define mass measurements, e.g. the stellar mass, while the
latter is more appropriate to compare with X-ray observations. For
this work, we use the 2D circularised projected half-light radii es-
timated in K-band (Genel et al. 2018; these measurements do not
account for dust effects). Finally, to characterise the large cluster-
scale properties, albeit only for central galaxies, we use R500c,
which is defined as the spherical radius within which the aver-
age matter density is 500 times the critical density of the Uni-
verse at a given redshift, i.e. it satisfies the relation: M500c =
4
3
pi × 500ρcrit,z=0 ×R500c.
• Galaxy stellar mass (M∗) and total halo mass (Mtot). The
stellar mass of a galaxy is the stellar mass that is gravitationally
bound and within twice the half-mass radius in 3D, i.e. M∗(<
2×r1/2). The total galaxy mass or total halo mass is defined based
on all particles that are gravitationally bound to that galaxy, accord-
ing to the SUBFIND algorithm. Although the latter differs from the
typical spherical-overdensity halo mass definitions such as M500c
or M200c, it is a very good proxy, with Mtot ∝ M200c with slope
remarkably close to 1 throughout the mass range therein studied.
• Flags of star formation status. To characterise the star forma-
tion status of galaxies, we subdivide them, based on the relative
difference in instantaneous star formation rate with respect to the
star-forming main sequence at the corresponding stellar mass, into
the following three categories (Pillepich et al. 2019):
– Star-forming: ∆ log10 SFR > −0.5.
– Quenched: ∆ log10 SFR 6 −1.0.
– Green valley: −1.0 < ∆ log10 SFR 6 −0.5.
• Gas entropy. For each i − th gas element, its entropy (Ki) is
defined as
Ki =
kBTi
n
2/3
i
, (4)
where kB is the Boltzmann constant, and ni is the number den-
sity of the gas cell. To estimate a representative value for a sample
of gas elements, we use the emission-weighted estimation (Kew),
similar to Tew as given in equation (3), for the entropy.
• Virial temperature (Tvir). Under the assumption that the hot
atmospheres are in virial equilibrium, their virial temprature can be
approximated as:
Tvir ≡ T200c ' µmpGM200c
2kBR200c
' µmpGMtot
2kBR200c
, (5)
where µ ' 0.59 is the mean molecular weight, mp is the proton
mass, G is Newton’s gravitational constant, kB is the Boltzmann
constant.
• SMBH mass (MBH). The SMBH mass of a galaxy is the total
mass of all SMBHs that belongs to that galaxy at any given time,
determined via SUBFIND algorithm. However, MBH is completely
dominated by the central massive SMBH, while the other SMBHs’
mass fraction is negligible (∼ 10−5).
2.3 The Observational Datasets
To compare with simulations, we use data from various X-ray ob-
servations of galaxies and clusters of galaxies in the local Universe
(D . 150 Mpc). It is worth noting that the selection of the ex-
isting samples of galaxies is not well-defined as it depends on the
joint availability of SMBH mass measurements and X-ray data. We
comment later in Section 4 on how this might affect the selection
of the corresponding simulated sample for comparison with the ob-
served data.
• Lakhchaura et al. (2019): present a sample of 47 early-type
galaxies observed by the Chandra X-ray observatory. The X-ray
measurements are taken within Re and 5Re. The sample of galax-
ies is selected by matching a list of galaxies with available di-
rect SMBH mass measurements in the literature (Kormendy and
Ho 2013; Saglia et al. 2016; van den Bosch 2016) and the Chan-
dra archive. The X-ray emission for each galaxy is modelled by a
single-temperature APEC model.
• Gaspari et al. (2019): compiled a larger sample of 85 systems,
consisting mostly of early-type (i.e. ellipticals and S0s) galaxies,
that have both direct SMBH mass measurement (primarily from
van den Bosch 2016) and X-ray observations taken from various X-
ray instruments: Chandra, ROSAT, and XMM-Newton. The X-ray
measurements are available for various radii ranging from galac-
tic (e.g. within Re) to cluster scale (e.g. within R500c). The X-ray
spectra are fitted with an APEC model.
• Bogda´n et al. (2018): studied a sample of 17 brightest-
group/cluster galaxies (BGGs/BCGs) that have X-ray observations
from XMM-Newton and direct SMBH mass measurements taken
from Kormendy and Ho (2013). For each system, the X-ray spec-
trum is obtained for a projected region within R500c and is fitted
using an APEC model.
2.4 Fitting Methods
Throughout the paper, to characterise the SMBH scaling relations,
the data is fitted to a single power law in log space via a linear
fitting method from the IDL routine linmix err.pro (Kelly 2007):
log10
(
MBH
108M
)
= Normalization + Slope× log10
(
FX
F0
)
,
(6)
where FX stands for any galaxy, gaseous atmosphere or halo prop-
erty, and F0 is the corresponding pivotal value. This method adopts
a bayesian approach to linear fitting, in which it treats the normal-
isation, the slope, and the intrinsic scatter as free parameters and
they are estimated via the Monte Carlo Markov Chain method.
MNRAS 000, 000–000 (0000)
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By construction, since lower-mass systems are more frequent
in volume-limited samples and since the galaxy sets from cosmo-
logical simulations used here are volume limited, the results of our
fitting procedure is more strongly weighted by the data points at
the low-mass end, sometimes resulting in best-fit curves that do not
well represent the high-mass end data. This does not mean that a
single power law could not be found to describe to a reasonable
approximation all the data points across the entire inspected mass
scale; however, it also suggests a marginal change of slope with
mass of the scaling relations under scrutiny.
Throughout the paper, we will quantify the significance of the
correlation between two variables via the Pearson (rP) and Spear-
man (ρS) correlation coefficients. For the sake of reference, a corre-
lation with absolute values lying in the range: [0.8, 1.0], [0.5, 0.8],
[0.3, 0.5], and [0.0, 0.3], is commonly considered as strong, mod-
erate, weak, and absent, respectively.
3 SMBH–HOT ATMOSPHERES CORRELATIONS IN
TNG100: FROM GALACTIC TO CLUSTER SCALES
In this Section, we present a quantification of the relationships be-
tween the mass of SMBHs and the X-ray properties of the hot
gaseous atmospheres as they emerge from the TNG100 simulation.
When it comes to studying SMBH-galaxy co-evolution, it is in-
structive to first inspect how SMBHs grow in the TNG context, for
it reveals the fundamental relationship between SMBH mass and
galaxy or halo mass. However, before doing so and in order to fa-
cilitate the physical understanding of the correlations predicted by
the simulations or empirically derived, we first recall the solution to
the problem at hand within the framework of the self-similar model.
3.1 Self-similar predictions for the SMBH–hot atmosphere
scaling relations
According to the self-similar model (Kaiser 1986), the thermody-
namics of the hot atmospheres are determined by the gravitational
potential well of the underlying dark matter halo (see Giodini et al.
2013 for a thorough review).
The X-ray temperature of the gas in a collapsed halo can be re-
lated to the halo mass assuming virial equilibrium (see also Eq. 5):
TX ∼ Tvir ∝ GMvir
Rvir
∝M2/3tot , (7)
where Mvir and Rvir are the virial mass and radius, respectively,
and where the last approximation can be taken because of the lin-
ear relationship between total gravitationally-bound halo mass and
virial mass.
For the X-ray luminosity, assuming the X-ray emission is
mainly driven by thermal bremsstrahlung, LX is given by:
LX ∝ f2gasT 1/2Mtot ∝M4/3tot , (8)
where fgas ≡ MgasMtot is the gas mass fraction and it is constant in the
self-similar scenario.
In the original model of Kaiser (1986), a relation between
MBH − Mtot is not provided. However, we can derive this rela-
tion based on the assumption that the SMBH mass traces the halo
mass:
MBH ∝Mtot. (9)
In fact, a linear relationship between SMBH and halo masses has
been widely suggested in the literature, at least at the highest-mass
end. For example, Jahnke and Maccio` (2011) showed that in a hi-
erarchical cosmological scenario, both SMBHs and haloes grow si-
multaneously via mergers and a linear relation with slope equal to
1 is expected as a natural consequence of the central limit theorem
in a scenario where SMBHs grow only via BH-BH merging.
From equations (7), (8), and (9) one can derive a “self-similar”
(and “merger-driven”) prediction for the SMBH mass – gas atmo-
sphere X-ray scaling relations as follows:
MBH ∝ T 3/2X , (10)
MBH ∝ L3/4X . (11)
It is worth emphasising that the above scaling relations are derived
without assuming any causal interaction between SMBHs and the
gaseous atmospheres. In other words, within the self-similar frame-
work, these scaling relations are the results of the gravitational col-
lapse of (also gaseous) haloes within a hierarchical growth of struc-
ture and are simply the reflection of the common relationships of
MBH, TX, and LX, respectively, with total halo mass.
3.2 MBH −Mtot relation at z = 0
To have an approximate picture of the SMBH growth in the TNG
simulations as a function of halo mass, we can examine the re-
lationship between SMBH mass (MBH) and its host galaxy total
mass (Mtot) at the present time.
Fig. 2 presents theMBH−Mtot relation for the TNG100 sam-
ple at z = 0 consisting of 36941 galaxies with MBH > 0. On top
of that, we also show a subsample of 3513 galaxies for which X-ray
measurements of their hot atmospheres can be reliably made with
100ks exposure on Chandra, according to the mock X-ray analy-
sis described in Section 2.2.1, in order to provide potential X-ray
constraint on the MBH −Mtot relation.
Assuming that the average system evolves in time along the
z = 0 relation of Fig. 2, the growth of SMBHs in TNG can be
approximately divided into 3 distinct regimes:
• First regime - Mtot . 1011M: SMBHs experience almost
no growth at all and their mass remains close to the seed mass, i.e.
MBH ∼ 106M.
• Second regime - 1011 . Mtot . 1012M: SMBHs undergo
a fast-growing period in which their masses increase by more than
3 orders of magnitudes (approximately MBH ∝M1.89tot ).
• Third regime -Mtot & 1012M: the SMBH growth rate starts
to decline and SMBH mass scales with total mass approximately as
MBH ∝M0.76tot .
In the first regime, SMBHs have just been seeded, thereby their
mass is close to the seed mass. In addition, in this regime where
they reside in low-mass (mostly) star-forming galaxies, SMBHs
may experience difficulties in growing also due to stellar activity,
e.g. supernova feedback, which can prevent the accumulation of
cold gas in the central regions. This can be clearly seen when com-
paring with simulations without stellar feedback, as we discuss in
greater detail later in this paper (Section 5) and as already sug-
gested or demonstrated by a few authors (e.g. Dubois et al. 2015;
Bower et al. 2017; Pillepich et al. 2018a; Habouzit et al. 2020).
In more massive galaxies, the gravitational potential well is suffi-
ciently deep to hold on to hot atmospheres, which inhibit outflows
driven by supernovae feedback. Thus in the second regime, possi-
bly thanks to the very formation of the hot atmospheres, SMBHs
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Figure 2. The growth of SMBHs in the TNG100 simulation and potential constraint from X-ray observations. Main panel: SMBH mass vs. galaxy total mass
i.e. total halo mass shown for the overall galaxy sample with MBH > 0 (in grey) and the subsample with reliable X-ray measurements (in red) at z = 0. The
solid line represents the median relation for the overall sample. The horizontal dotted line approximately marks the SMBH mass scale (MBH ∼ 108.2M)
where the third phase of SMBH growth starts, while the dashed lines serve as guidelines for the curve’s steepness. By self-similar prediction (dashed blue line)
here we indicate the SMBH–halo mass relation that could emerge through a SMBH growth exclusively driven by mergers.Sub-panels: histograms of MBH
and Mtot.
can grow fast via cold gas accretion. During this period, the SMBH
growth is regulated by the depth of the galaxy’s gravitational po-
tential well, namely SMBHs cannot grow too fast otherwise their
feedback would disrupt the accretion flows (see e.g. Fig. 6 in Ter-
razas et al. 2020, also Booth and Schaye 2010).
The fast-growing period is terminated in TNG at Mtot ∼
1012M where SMBHs reach the mass of MBH ∼ 108.2M. In
TNG, this SMBH mass scale is associated, albeit indirectly and via
the interplay with the evolution through cosmic epochs of struc-
ture formation and with other astrophysical mechanisms, to the
pivot mass where SMBHs can switch from thermal to kinetic feed-
back mode (see equation 1). Previous studies (Weinberger et al.
2018; Davies et al. 2019b; Terrazas et al. 2020; Zinger et al. 2020)
showed that in the TNG model the kinetic feedback plays a cru-
cial role in quenching star formation by expelling gas out of the
central regions of galaxies and by heating the gas up. SMBH feed-
back can thus prevent further gas accretion, thereby truncating the
SMBH growth in massive galaxies, in a self-regulating fashion. In
this high-mass regime within the TNG simulations, it has been ex-
plicitly demonstrated by Weinberger et al. (2018) that the major
channel of SMBH growth is via mergers with other SMBHs, which
are following the mergers of their host haloes and galaxies. In par-
ticular, as it can be seen in their Fig. 7, SMBH mergers greatly
dominate the growth of SMBHs forMBH(z=0) & 108.5(109.5)M
at z . 1 (2). Notably, it is in this third regime of SMBH growth
that we see in TNG the most significant correlation between the
SMBH mass and the total halo mass (rP ' 0.87) with a relatively
small scatter (σMBH ' 0.14 dex). The presence in the Universe of
aMBH−Mtot scaling relation with a decreasing scatter toward the
high-mass end could thus be a natural consequence of the hierar-
chical assembly of the large scale structure, in line with the expec-
tations of the “dry” merger scenario (Jahnke and Maccio` 2011 , see
dashed blue line in Fig. 2).
It is important to note that a slope of theMBH−Mtot relation
that differs from 1 above a certain mass scale does not mean that the
growth of SMBHs is not dominated by mergers in that regime. As it
can be seen in Fig. 2, in TNG the slope of theMBH−Mtot scaling
relation in the third phase is shallower than the unit value predicted
by Jahnke and Maccio` (2011) within the merger scenario (0.78 ver-
sus 1), even though we know that TNG SMBHs have grown in
the greatest part via mergers at those mass scales. This deviation
could be attributed to the fact that, prior to entering the third phase,
SMBHs gain some extra mass via gas accretion with respect to the
predicted linear MBH −Mtot relation by pushing upward the re-
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Figure 3. The correlations between SMBH mass and X-ray properties of the hot atmospheres, measured withinRe, for different galaxy populations in TNG100
at z = 0. It is shown the SMBH mass in relation with the gaseous X-ray temperature (TX), X-ray luminosity (LX), gas mass-weighted temperature (Tmw),
total gas mass (Mg), emission-weighted entropy (Kew), and emission-weighted metallicity (Zew). The red and blue contours specify the loci of quenched
and star-forming populations, respectively. The horizontal dashed line marksMBH ∼ 108.2M where approximately is the boundary line between quenched
and star-forming populations.The values of the Pearson correlation coefficients for each populations are stated at the top-left corner of each plot. The rightmost
y-axis represents the median value of Mtot according to the median relation MBH −Mtot as shown in Fig. 2.
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lation at the lower-mass end and by therefore tilting the resulted
relation4.
Importantly, from Fig. 2 it can be seen that galaxies with
MBH & 107 (Mtot & 1011M) start to host X-ray bright,
detectable atmospheres (gray dots versus red circles in Fig. 2),
thereby making X-ray observations a potential window to probe the
MBH −Mtot relation in the third and in a part of the second phase
of SMBH growth (Mtot & 1011.5M). We note that even though
here we limit the X-ray measurements to TNG100 galaxies with
M∗ > 3 × 109M, we have verified using the higher resolution
run TNG50 that there is no significant gain in trying to observe, and
thus increase the number of, lower-mass galaxies with reliable X-
ray measurements below this mass threshold (see also Truong et al.
2020).
3.3 SMBH – gaseous halo connection
As shown in previous TNG studies, SMBHs feedback plays a cen-
tral role in determining the thermodynamical properties of the hot
atmospheres (Nelson et al. 2018b; Truong et al. 2020; Zinger et al.
2020) as well as in quenching star formation in massive galaxies
(Weinberger et al. 2017; Nelson et al. 2018a; Davies et al. 2019a;
Terrazas et al. 2020; Donnari et al. 2020). In this Section we explore
the relationship between SMBHs and the hot atmospheres by quan-
tifying the correlation between the mass of SMBHs and a number
of physical properties of the surrounding halo gas that determine
its X-ray manifestations.
Fig. 3 shows SMBHs masses against X-ray temperature (TX),
X-ray luminosity (LX), gas mass-weighted temperature (Tmw), gas
content represented by total gas mass (Mg), emission-weighted es-
timations of gas entropy (Kew), and metallicity (Zew). For this
task, all the gas quantities are measured withinRe, so within galac-
tic spatial scales, where feedback are expected to leave their most
prominent impact. Furthermore, the relations are examined with re-
spect to the star formation status of the host galaxy subdivided in
three categories as described in Section 2.2.3: star-forming, green
valley, and quenched galaxies in blue, green, and red data points,
respectively. We also report the values of the Pearson correlation
coefficient to quantify the significance of the SMBH correlations
for the two major populations of quenched and star-forming galax-
ies.
It is clear from Fig. 3 that the SMBH mass is closely linked
to the separation between the two major populations of quenched
and star-forming galaxies. The two populations split sharply at
the SMBH mass of MBH ∼ 108.2M, above and below which
galaxies exhibit very different gas thermodynamics. In brief, above
this mass range quenched galaxies contain hotter, higher entropy,
and metal-richer atmospheres, although with smaller gas mass than
their star-forming counterparts (Zinger et al. 2020). This difference
results in an observable diversity in the X-ray luminosity between
star-forming and quenched galaxies, in which the latter are about
an order of magnitude less X-ray luminous than the former, at fixed
galaxy/SMBH/halo mass (Truong et al. 2020).
We find that for the population of quenched galaxies the
SMBH masses correlate with both the X-ray temperature and lumi-
nosity, with the former exhibiting a better correlation (the correla-
tion coefficient rP ' 0.73 for MBH − TX compared to rP ' 0.63
4 The simulations employed in Jahnke and Maccio` (2011) do not consider
gas accretion at all and SMBHs in their model can grow solely via mergers
with other SMBHs throughout cosmic epochs.
for MBH − LX). For star-forming galaxies, we find just a mild
or no correlation between SMBH masses and X-ray quantities
(|rP| . 0.5). The gas mass appears to be weakly correlated with
the SMBH mass even for the quenched population of galaxies
(rP ' 0.54), suggesting that something else rather than SMBH
mass (e.g. SMBH feedback) is more closely connected to (or even
determines) the gas mass content within galaxies, as it has in fact
been demonstrated in the case of the Illustris/TNG models and their
variations (Zinger et al. 2020), and all the way to halo scales (Genel
et al. 2015; Pillepich et al. 2018a) – see also Section 5. Finally,
the emission-weighted metallicity appears to be slightly negatively
correlated with the SMBH mass.
These results imply that the correlation between the SMBH
mass and the X-ray luminosity may be mostly driven by the correla-
tions of the X-ray temperature as well as the halo mass with SMBH
mass (as suggested by equation 8). While in the high temperature
regime (TX > 1 keV) the X-ray emission can be well described
by thermal Bremtrahlung, LX ∝ T 1/2, at the low-temperature end
(TX < 1 keV) line emission contributes significantly to the total X-
ray emission. This might partly account for the weaker MBH−LX
correlation compared to the MBH − TX relation.
3.4 Radial dependence of the SMBH–gas atmospheres
correlations
We now inspect the correlations between the masses of central
SMBHs and the X-ray properties of the hot atmospheres as a func-
tion of radius, i.e. of galactocentric distance within which the X-ray
signals are integrated (see also Section 2).
In Fig. 4 (main panels and gray points and curves), we present
the relation between the central SMBH mass and the X-ray tem-
perature (top) and luminosity (bottom) of the gas atmospheres of
TNG100 quenched host galaxies that could be detected with 100ks
exposure with Chandra. The different columns depict results at
three different projected radii: within the galactic bodies (< Re),
within the gaseous coronae (< 5Re), and throughout the intra-
group/cluster media (< R500c), from left to right. The best-fitting
parameters, i.e. normalization, slope, as well as intrinsic scatter, are
reported in Table 1.
In addition to these relations, in the insets of Fig. 4, we also
show the scaling relations of the X-ray gas properties with the total
halo mass, i.e. TX −Mtot and LX −Mtot.
In TNG, the X-ray temperatures appear to correlate with
SMBH masses better than the X-ray luminosities, not only within
the galactic regions as shown in the previous Section, but across the
entire radial range. Importantly, we notice a radial trend whereby
the SMBH scaling relations with X-ray gas quantities become
stronger, i.e. with higher rP, and tighter, i.e. with smaller intrin-
sic scatter (σMBH ), towards larger radii.
The scaling relationsMBH−TX andMBH−LX withinR500c
display the most significant correlation between SMBH masses and
X-ray properties of the gas, with correlation coefficient reading
0.89 (0.83) for TX (LX). Crucially, for intermediate or larger radii
(r & 5Re, i.e. for gas properties integrated or mediated within the
circum-galactic or intra-group/cluster medium), the MBH − TX
scaling relation displays remarkably small intrinsic scatter with
σMBH . 0.2 dex. Inspecting the scaling relations between the to-
tal halo mass and the X-ray properties shown in the sub-panels of
Fig. 4, the TX −Mtot and LX −Mtot relations exhibit similar ra-
dial trends as the SMBH–X-ray scaling relations, in terms of both
their strength and tightness.
Since gravity is the major player that defines the hot atmo-
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Table 1. Best-fitting parameters for the SMBH–X-ray scaling relations, MBH − TX and MBH − LX, as presented in the form of equation (6) for the
TNG100 quenched galaxies, separately for all galaxies and for central galaxies only. In addition we also provide values for correlation coefficients (rP ). For
comparison, we report the corresponding results from observations, where available.
MBH − TX | MBH − LX
Relation F0 Normalization Slope Scatter rP | F0 Normalization Slope Scatter rP
Within Re
TNG100 Central+Satellite 1 keV 1.11± 0.02 1.06± 0.03 0.26± 0.01 0.76 | 1044 erg/s 1.89± 0.06 0.25± 0.01 0.30± 0.01 0.63
TNG100 Central only 1 keV 1.12± 0.02 1.07± 0.04 0.25± 0.01 0.79 | 1044 erg/s 1.97± 0.06 0.27± 0.01 0.29± 0.01 0.68
Lakhchaura et al. (2019) BCG 1 keV 1.50± 0.08 2.30± 0.40 0.26± 0.08 0.88 | 1044 erg/s 2.34 0.41± 0.13 0.42± 0.11 0.66
Gaspari et al. (2019) 1 keV 1.39± 0.05 2.70± 0.17 0.21± 0.03 0.94 | 1044 erg/s 2.63± 0.15 0.51± 0.04 0.30± 0.02 0.87
Within 5Re
TNG100 Central+Satellite 1 keV 1.18± 0.01 1.23± 0.03 0.20± 0.01 0.86 | 1044 erg/s 1.76± 0.04 0.27± 0.01 0.28± 0.01 0.69
TNG100 Central only 1 keV 1.19± 0.02 1.23± 0.03 0.19± 0.01 0.88 | 1044 erg/s 1.77± 0.05 0.27± 0.01 0.28± 0.01 0.72
Lakhchaura et al. (2019) BCG 1 keV 1.37± 0.08 1.90± 0.34 0.25± 0.08 0.88 | 1044 erg/s 2.08 0.37± 0.12 0.40± 0.11 0.70
Within R500c
TNG100 Central only 1 keV 1.35± 0.02 1.44± 0.03 0.19± 0.01 0.89 | 1044 erg/s 1.68± 0.03 0.28± 0.01 0.22± 0.01 0.83
Bogda´n et al. (2018) 1 keV 1.20± 0.09 1.74± 0.16 0.38 0.97 |
Gaspari et al. (2019) 1 keV 1.18± 0.05 2.14± 0.13 0.25± 0.02 0.93 | 1044 erg/s 2.00± 0.11 0.38± 0.3 0.31± 0.02 0.86
Figure 4. Inspection of the SMBH–X-ray scaling relations across different radial ranges over which the gas properties are integrated for a subsample of
TNG100 quenched and central galaxies. The main panels show MBH − TX (top row) and MBH − LX (bottom row) relations at various radii, while the
sub-panels represent the relations of the corresponding X-ray quantity with the halo total mass (Mtot). The green lines and shaded areas represent the median
relations and 1σ uncertainties where TX = Tvir.The normalisation of the self-similar predicted relations (dashed lines) is determined by assuming that the X-
ray quantities measured within the largest considered radius, i.e within R500c, of the most massive galaxies obey the self-similar prediction (see Section 3.1).
For each scaling relation, the Pearson coefficient (rP) as well as the intrinsic scatter (σ, in dex) are provided.
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sphere’s thermodynamics at large halo/spatial scales (< R500c, at
least according to the self-similar ansatz), the correlations and their
radial trends between SMBH mass and X-ray gas properties in both
the real Universe and in TNG could be due to an underlying rela-
tionship between the total halo mass and the SMBH mass, as de-
scribed in Section 3.2 for TNG100. However, gravity is unlikely
the sole player. We notice that for all the considered relations, a sin-
gle power law appears to fit reasonably well the simulated data at
large radii (i.e. within R500c), while within smaller apertures, there
are offsets between the best-fit relations and the data points of the
most massive objects, as clearly visible, for instance, in the case
of the X-ray luminosity relations. This result hints at a relatively
stronger influence on gas at progressively smaller galactocentric
distances and for lower-mass galaxies of other astrophysical pro-
cesses beyond gravity, such as SMBH feedback – which in TNG is
the main non-gravitational channel for energy-injection in the con-
sidered mass range (Weinberger et al. 2018).
3.5 Comparison to the self-similar predictions
To further understand the interplay of gravity and SMBH feedback
in shaping the SMBH – X-ray gas scaling relations, we examine
how well such relations from TNG reflect self-similarity.
In Fig. 4, the self-similar predictions as obtained in Section 3.1
are represented by dashed blue lines. The normalisation of equa-
tions (10)-(11) are determined by assuming that the X-ray measure-
ments within the largest radii (R500c) of the most massive objects
satisfy the self-similar predictions.
Firstly, the blue dashed lines in Fig. 4 are meant to visualize
what we have already emphasized in Section 3.1: correlations be-
tween halo gas properties and total halo mass are in place also in
the absence of SMBHs and their feedback. Therefore, a priori, the
existence of relations between SMBH masses and gas properties
could emerge by assuming that SMBH growth is connected to to-
tal halo growth, without necessarily requiring any causal physical
connections between SMBHs and gas atmospheres – such as those
that could be mediated by SMBH feedback – and without invoking
any dependence of SMBH growth on the availability of accretion
gas in the innermost regions of galaxies.
On the other hand, the insets of Fig. 4 demonstrate that, even
in the presence of complex astrophysical processes such stellar and
SMBH feedback, as in general is the case in TNG, in simulations
like TNG, strong and tight correlations between X-ray gas proper-
ties and total halo mass naturally exist around quenched galaxies
also for the hot gas at small galactocentric distances (e.g. within
Re or < 5Re), albeit somewhat weaker and less tight than in
the halo-scale regime (left versus right columns). However, im-
portantly, the shapes or slopes of such relations (and those be-
tween SMBH masses and X-ray gas properties) do indeed differ
in TNG100 from the self-similar (+ merger-only driven) predic-
tions of Section 3.1, and more so for the gas closer to the galaxies’
centers and for lower-mass galaxies.
For the gas X-ray temperature, the TNG-predicted relations
are shallower than the self-similar expectations at all scales, but for
the MBH − TX correlations at the halo scales (i.e. < R500c, top
right panel). In fact, when comparing the TNG MBH − TX rela-
tion with the self-similar predictions, one has to take into account
the comparison between the TNG MBH − Mtot relation and the
self-similar predicted connections (i.e. those merger-driven) pre-
sented in Section 3.2. We note that SMBH mass and atmospheric
temperature in TNG, at a given halo mass, deviate from the self-
similar prediction in a similar manner, namely, the two simulated
quantities are larger than the self-similar values and the deviation is
more pronounced towards the low-mass end. Interestingly, because
of the similar deviations of the MBH −Mtot and TX −Mtot rela-
tions from self-similarity, the resulting MBH − TX, particularly at
R500c, is statistically in line with the self-similar prediction (with
slope of about 1.5).
Another way to compare to gravity-only driven expectations
is by comparing the effective X-ray temperatures of the gas atmo-
spheres from the simulations to the virial temperature, i.e. Tvir, as
predicted by the self-similar model (represented by green lines in
Fig. 45). The TNG simulations produce hotter gaseous atmospheres
with respect to the virial temperature at any given total halo mass
(insets), and the offset appears to be more prominent at smaller
radii and smaller masses, resulting in a shallower slope for the sim-
ulated TX−Mtot relations (∼ 0.44−0.49) than the self-similar and
virial temperature cases (∼ 0.67), across the three considered aper-
tures. On the other hand, the MBH− Tvir relation is typically shal-
lower than the self-similar relation and the TNG outcome, reflect-
ing mostly the deviation in slope in TNG100 from the self-similar,
and merger-only driven , MBH −Mtot relation (see Fig. 2).
In contrast to the gas temperature, the X-ray luminosity as
a function of total halo mass (insets in the lower row of Fig. 4)
is largely over-predicted by the self-similar model than in TNG,
across all gas radial apertures and particularly in the lower-mass
systems. Furthermore, the simulated LX −Mtot relations become
steeper than the self-similar ones for gas properties measured on
larger apertures. Unlike the other quantities such gas temperature
and SMBH mass, the X-ray luminosities in TNG deviate from the
self-similar prediction in the opposite direction. The contrary self-
similar deviations of theMBH−Mtot andLX−Mtot relations with
respect to the gravity+merger only driven scenarios collectively re-
sult in significantly shallower MBH − LX relations in TNG100
compared to the self-similar one, at all radii.
The deviations of the TNG SMBH – X-ray gas scaling re-
lations from self-similarity can be explained by SMBH feedback
and by the dependence of SMBH growth on the availability of
gas, particularly for the lower-mass systems with total halo mass
. 1011−12 Mtot. It is the gas accretion onto SMBHs, as discussed
in Section 3.2, that enhances their mass relative to the predicted
linear, merger-only driven, growth. The gas accretion also triggers
SMBH feedback which, in turn, not only heats the gaseous atmo-
spheres but also expels a large amount of the gas content out of the
central regions of galaxies and haloes (Zinger et al. 2020). Con-
sequently, the preventative and ejective effects of SMBH feedback
are the main driver of the increase of the gas temperature as well
as the reduction of X-ray luminosity with respect to the self-similar
predictions.
3.6 Impact of SMBH feedback versus halo mass dependence
Is it possible to isolate and quantify the influence of SMBH feed-
back on the X-ray properties of the hot gaseous atmospheres from
their dependence on the total halo mass driven by gravity and by
the hierarchical growth of structure? We attempt to do so next.
For this task, we examine the correlation between variations in
X-ray quantities, i.e. ∆TX and ∆LX, and variation in SMBH mass
(∆MBH), where the variations are estimated with respect to the
5 In fact, in this plots, the virial temperature is determined via M200c (see
Eq. 5) rather than the exact virial mass (Mvir), hence the scatter.
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Figure 5. Top panel: Correlation between variations in X-ray quantities, ∆TX (upper row) and ∆LX (lower row), and variation in SMBH mass (∆MBH) at a
given total mass (Mtot), for a subsample of TNG100 quenched and central galaxies at z = 0. The variations are computed with respect to the corresponding
median value at a given mass bin. To quantify the correlation between those variations, Spearman correlation coefficients (ρS) are provided as well as the
corresponding p-value. Bottom panel: similar to the top panel but the correlation is now between variations in X-ray quantities and variation in total mass
(∆Mtot) at a fixed SMBH mass (MBH).
corresponding median values at the same total halo mass bins (up-
per half of Fig. 5). For comparison, we also show the same exercise
for the correlations between X-ray variations and total halo mass
variations (∆Mtot) at the same SMBH mass bins (lower half).
The inspection of the correlations across the usual considered
radial ranges is shown in Fig. 5, in which Spearman correlation co-
efficients (ρS) as well as the corresponding p-values are provided
in order to quantify the strength and the significance of the correla-
tions.
As shown in the top panel of Fig. 5, there are overall very weak
positive (negative) correlations between ∆TX (∆LX) and ∆MBH
across the considered ranges, demonstrated by low values of the
Spearman coefficients (|ρS| . 0.2), and the correlations are also
statistically insignificant in most of the considered apertures where
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the p-values are relatively large (p > 10−3). Notably, the variation
in X-ray luminosity is, although weak, negatively correlated with
the variation in SMBH mass. This could be the result of the ejective
effect of SMBH feedback in low-mass galaxies, as discussed in the
previous Section.
On the other hand, the bottom panel of Fig. 5 shows that there
are stronger (ρS ' 0.2 − 0.6) and more significant (p . 10−9)
correlations between variations in X-ray quantities and variations
in total mass considered at the same SMBH mass bins. Particularly
toward larger radii, both variations in temperature and X-ray
luminosity become to be more positively correlated with the total
mass variations with ρS > 0.5.
In summary, the results presented in this Section 3 support a
picture whereby, according to the TNG model, the X-ray proper-
ties of the hot gaseous atmospheres are, to a first approximation
and also at relative small galactocentric distances (i.e. within a few
stellar effective radii), determined by the gravitational potential of
the host haloes. On top of that, SMBH feedback, via ejective and
preventative effects, causes the X-ray properties to deviate from
the self-similar predictions. These secondary, albeit possibly very
informative, effects appear to be relatively more prominent toward
low-mass and small-scale regimes, i.e. at the group mass scales and
below, and for the circumgalactic gas closer to the galaxies’ cen-
ters. In parallel, strong and tight correlations between the mass of
SMBHs and the X-ray properties of the gaseous atmospheres are a
natural outcome of state-of-the-art galaxy formation models like Il-
lustrisTNG, particularly so for quiescent galaxies and when the gas
properties are integrated or mediated over halo, i.e. large, spatial
scales. However, to a first order approximation, the very existence
of relations between SMBHs and gas atmospheres seems to us to
be mainly a reflection of the underlying MBH −Mtot relations.
4 COMPARISONWITH X-RAY OBSERVATIONS
To gauge to what level we can apply the insights gained from Illus-
trisTNG to the real Universe, we here compare the relations from
the simulations to X-ray observations of nearby galaxies taken from
Bogda´n et al. (2018), Lakhchaura et al. (2019), and Gaspari et al.
(2019), as described in Section 2.3.
In Fig. 6 we show the TNG100 simulation outcome overlaid to
those from observations for the SMBH scaling relations at three dif-
ferent radii: withinRe, 5Re, andR500c, from top to bottom. For the
comparison, we employ the full X-ray detected sample of TNG100
at z=0 by including both star-forming and quenched galaxies. The
reason is twofold: on the one hand, because the selection functions
of the observed samples are not well-defined or known, we cannot
construct galaxy samples from the simulation that correspond in de-
tail to the observed ones; on the other hand, we wish to more fairly
and broadly compare with mixed-type observational samples, e.g.
the one obtained by Gaspari et al. (2019). For reference, we also
report best-fit parameters for the observed relations, given in the
form of equation (6), in Table 1. Nonetheless and before proceed-
ing, we wish to stress that, as the current observed samples are far
from being complete as well as they are not selected based on ho-
mogeneous and well-defined criteria, we should not over-interpret,
quantitatively, the comparison between simulated and observed pa-
rameters and data points provided in Table 1 and Fig. 6, respec-
tively.
From Fig. 6, we can deduce that the TNG simulation predic-
tions qualitatively align with recent X-ray observations, which also
reveal remarkably strong and tight correlations between SMBH
masses and the hot X-ray emitting atmospheres, from galactic to
cluster scales. As reproduced in Fig. 6, Lakhchaura et al. (2019)
found that there is a strong correlation (rP ∼ 0.88) between kBTX
(within Re and 5Re) and MBH for a subsample of 18 BCGs with
intrinsic scatter of ∼ 0.26 dex. Similarly, Gaspari et al. (2019)
showed that for a sample of 85 galaxies of various types the at-
mospheric gas temperature measured within the galactic/circum-
galactic scale and within the group/cluster core does strongly cor-
related with the SMBH mass with rP > 0.9. The intrinsic scatter of
those relations is relatively small∼ 0.2− 0.25 dex. At cluster/halo
scales (< R500c, bottom panels), an X-ray study from Bogda´n et al.
(2018) found a strong correlation between the ICM temperature and
the central SMBHs, with rP ∼ 0.97, though with a large scatter
(∼ 0.4 dex).
Regarding the radial trends found in TNG, the analysis of the
relatively small sample of BCGs from Lakhchaura et al. (2019) in-
dicates that the scatter in the MBH − TX relation (∼ 0.26 dex)
does not change significantly between Re and 5Re. On the other
hand, the data from Gaspari et al. 2019 suggest that the MBH−TX
relation at cluster core scale (∼ 0.1R500c) has larger intrinsic
scatter compared to the one within a smaller galactic/CGM scale,
0.25±0.02 versus 0.21±0.03, i.e. opposite to the simulation trend.
However, it is worth mentioning that the radial ranges considered in
Gaspari et al. (2019) are not homogeneous, e.g. the galactic/CGM
range consists of 1− 3Re.
Regarding the intrinsic scatter, the simulation’s X-ray scaling
relations appear to have heterogeneous scatter across the consid-
ered dynamical range, with the scatter becoming smaller at higher
temperatures (or SMBH masses). For instance, TNG100 galaxies
with kTX . 1 keV appear to exhibit ∼ 10% greater scatter with
respect to the best-fit relation in comparison to those at higher tem-
peratures. This result is in line with Lakhchaura et al. 2019 who
found that the X-ray correlations are only significant for the mas-
sive BCG subsample, while for the less massive non-BCGs and
lenticular galaxies Lakhchaura et al. 2019 find no significant corre-
lation. On the other hand, the compiled dataset from Gaspari et al.
(2019) shows no visible variation for the scatter of X-ray scaling
relations across the whole considered dynamical range. The sam-
ple of Bogda´n et al. (2018) is too small to carry out a meaningful
assessment regarding the scatter of the MBH − TX relation.
In general the simulated and observed data occupy similar re-
gions of the parameter space with the level of consistency varying
across the considered apertures.
• Within Re: while the TNG MBH −LX relation is in line with
observed data, the simulated MBH − TX relation tends to under-
predict the SMBH masses of a few objects at the high-mass end,
or conversely, to overpredict (underpredict) the gas temperatures at
the high (low) mass end. It should be kept in mind that the observed
data at this range display large uncertainties in both SMBH mass
and X-ray gas temperature measurements. While acknowledging
that TNG might produce discrepant X-ray properties for the hot at-
mospheres compared to X-ray observations (particularly within the
ISM galactic regions, where the contribution to the X-ray signals
from the star-forming gas cannot be assessed within the simulation
model – see Appendix C in Truong et al. 2020), it is worth men-
tioning that estimating TX within the central region of lower mass
galaxies is challenging also observationally, due to the presence of
unresolved X-ray point sources, which are accounted only in a sta-
tistical and model-dependent way (see e.g. Lakhchaura et al. 2018).
• Within 5Re: TNG reproduces reasonably well the observed
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Figure 6. Comparison between the TNG100 simulation and X-ray observations on the SMBH–hot atmospheres correlations at various apertures, from top
to bottom. The red and blue contours specify the loci of quenched and star-forming TNG100 populations, respectively, including only simulated galaxies
that could be detected with 100 ks exposure with Chandra. The horizontal dashed line marks MBH ∼ 108.2M where is approximately the boundary line
between quenched and star-forming populations. For reference, the rightmost y-axis specifies the median value of TNG100 Mtot according to the median
relation MBH −Mtot as shown in Fig. 2. MNRAS 000, 000–000 (0000)
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MBH − TX and MBH − LX relations, but there are some ob-
served data points at the high-TX end that appear to have higher
TX with respect to the simulated relation as well as the average
observed trend. Those outliers are non-BCG galaxies belonging
to clusters, such as NGC4473 and NGC4477 in the Virgo cluster,
wherein the X-ray emission of those galactic atmospheres is likely
to be contaminated by the emission from the ambient ICM. This
could potentially explain the higher measured temperature of the
hot gaseous atmospheres of these galaxies.
• Within R500c: both simulated TNG MBH − TX and MBH −
LX relations are in good agreement with the observed data from
Bogda´n et al. (2018) and Gaspari et al. (2019). We should however
recall that here the integration boundary R500c for the simulation
X-ray measurements is taken directly from the simulation output,
it is the true one, i.e. it is not mocked.
A final caveat worth mentioning for the interpretation of this
comparison relates to what gas elements within simulated haloes
are included in the X-ray mocks. In this Section, as throughout
this paper, when selecting gas cells for the mock X-ray analysis,
we employ the SUBFIND algorithm to select only gas cells that
are gravitationally-bound to the central galaxies. This approach
automatically excludes the contributions to the X-ray signals of
gas parcels associated with satellite galaxies that belong to the
same host halo, in line with the choices adopted in the highly-
resolved observations of nearby galaxies reported in Fig. 6. How-
ever, excising or not the X-ray contribution from satellite galax-
ies can have non negligible effects on the quantitative characteri-
zation of the SMBH–hot atmosphere correlations. This is explic-
itly demonstrated in Appendix A, where, for example, the contri-
bution of satellite gas can strongly impact the X-ray gas temper-
ature of low-mass systems (< 1 keV) determined at large radii
(< R500c) and thus can change the slope and normalization of the
derived MBH − TX relation. In fact, according to TNG, including
the gas contribution from satellite galaxies appears to jeopardise,
i.e. worsen, the overall correlation between the X-ray gas tempera-
tures and the central SMBH masss.
5 THE EFFECTS OF STELLAR AND SMBH FEEDBACK
ON SMBH– HOT ATMOSPHERE CORRELATIONS
In the previous Sections, we have shown via the use of the
TNG100 simulation that the correlations between SMBHs and the
hot gaseous atmospheres are governed by the interplay between
gravitational and non-gravitational processes, whose effects man-
ifest differently at different galaxy/halo/SMBH mass scales and at
different spatial scales of the considered galaxy or halo gas.
For high-mass SMBHs at z = 0 (MBH & 108M or total
halo mass & 1012M), according to the TNG model, SMBHs and
their host haloes can co-evolve by means of the hierarchical assem-
bly, i.e. through mergers (Weinberger et al. 2018). On top of that,
gas accretion provides an additional channel for the SMBH growth,
which dominates at lower SMBH mass scales (or earlier epochs),
and which in turn triggers feedback that can further modify the
thermodynamics of hot gaseous atmospheres. In addition, evidence
has been proposed according to which also feedback driven by star
formation can impact the overall SMBH growth (e.g. Bower et al.
2017). To illustrate the important role played by non-gravitational
physics, in this Section we carry out a theoretical investigation of
the effects of stellar and SMBH feedback on the SMBH-hot atmo-
sphere relationships.
For this exercise, we employ a subset of the TNG simulations
that were performed on smaller simulation boxes with the size of
∼ 25 Mpc/h (∼ 37 Mpc) and resolution very similar to TNG100:
these are dubbed L25n512TNG and have been run with various per-
turbations of the fiducial TNG model. In particular, we focus the
exercise on two classes of models: i) models with various strengths
of stellar feedback, and ii) models with and without SMBH kinetic
feedback and with the latter present at different mass scales. The
description of the models are summarised in Table 2. For a com-
plete exploration of the parameter space of stellar and SMBH feed-
back models in TNG, the interested reader can refer to Weinberger
et al. (2017) and Pillepich et al. (2018b).
In Fig. 7 we show various relations for the considered models:
MBH −Mtot (top left), Tmw −Mtot (top right), and MBH − Tmw
(bottom), for all central galaxies in the simulations at z = 0 with
non-vanishing SMBH mass and mass-weighted temperature. For
this exercise, we use mass-weighted temperatures to characterise
the hot atmospheres, so these are not directly observable but rather
reflect more directly the changes on the state of gas imparted by the
different feedback models. Furthermore, here we start by focusing
on the effective temperature of the gas all the way to the halo virial
radius, i.e. within R500c.
As shown in the left panel of Fig. 7 (see also a similar plot
on the top right panel of Fig.8 in Pillepich et al. 2018a), stellar
and SMBH kinetic feedback do have significant and distinct im-
pacts on the final z = 0 SMBH-halo mass relation, and thus on the
growth of SMBHs as a function of halo mass across cosmic epochs.
The stellar feedback influences the SMBH growth at the low-mass
regime at z = 0, or equivalently at the early times, with the effect
that its presence prevents SMBHs from growing for galaxies with
Mtot . 1011M. Without stellar feedback, low-mass galaxies can
enjoy a more efficient SMBH growth even before they reach the to-
tal halo mass of about 1011M, in comparison to the fiducial TNG
model. Above this mass scale, the SMBH growth in the two mod-
els with and without stellar feedback is quite similar except that the
latter has an overall higher normalisation inherited from its previ-
ous growth. For instance, at the high-mass end (Mtot & 1013M),
SMBHs in the model without stellar feedback are more massive
by about a factor of 3 compared to the fiducial model. Increasing
the strength of stellar feedback would delay the fast-growing pe-
riod of SMBHs to larger mass scales thereby decreasing the overall
normalisation of the MBH −Mtot relation.
On the other hand, SMBH feedback in the kinetic mode pri-
marily affects the rate of SMBH growth at the high-mass end, more
precisely at the mass scales where the kinetic mode is switched on,
i.e. at MBH ∼ 2.6 × 106, 108.2, 4 × 108M for the three con-
sidered models. Without SMBH kinetic feedback, SMBHs at the
high-mass end can experience a faster growth, as evidenced by the
steeper slope of the MBH −Mtot relation. This result could be ex-
plained by the ejective and preventative effect in massive galaxies
in TNG, where the SMBH kinetic feedback is efficient enough to
prevent gas accretion onto the central SMBH (Terrazas et al. 2020;
Zinger et al. 2020) thereby truncating its otherwise fast growing pe-
riod driven mainly by gas accretion. By varying the pivotal SMBH
mass, which characterises the switch-on threshold of the kinetic
mode as given in equation (1), one can vary the mass range from
which the SMBH growth starts to decline.
Regarding the mass-weighted temperature of the whole
circum-galactic or intra-group/cluster gas, Tmw appears to be quite
insensitive to the considered variations of simulation physics, as
shown in the top right plot of Fig. 7. The Tmw−Mtot relation across
halo scales varies insignificantly among the TNG model variations
and is statistically consistent with the fiducial TNG model. As a
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Figure 7. Theoretical investigation on the impact of stellar and SMBH feedback on SMBH-galaxy correlations within the TNG framework. Top left: The
MBH−Mtot relations shown for various physical TNG models. Top right: the corresponding Tmw−Mtot relations. Bottom: The correspondingMBH−Tmw
relations. The solid lines represent the median relations of the models, while data points are obtained from the fiducial TNG model. The horizontal dotted lines
mark the pivot SMBH masses at 2.5× 106M, 108M, and 4× 108M, above which SMBH feedback switchs to kinetic mode (see text).
Table 2. Summary of the L25n512 model variations used for the study in Section 5, performed on a box with the size of ∼ 25 Mpc/h (∼ 37 Mpc) .
Run name Parameter(s) of interest Fiducial value Variation value
Fiducial All parameters See Table 1 in Pillepich et al. (2018b) -
No Stellar Feedback All stellar feedback related See Table 1 in Pillepich et al. (2018b) -
Stronger Stellar Feedback Wind energy factor: ew 3.6 7.2
Weaker Stellar Feedback Wind energy factor: ew 3.6 1.8
No SMBH Kinetic Feedback All SMBH kinetic mode related See Section 2 in Weinberger et al. (2018) -
Higher SMBH Kinetic Pivot Mass SMBH kinetic pivot mass (Mpivot eqn. 1) 108M 4× 108M
Lower SMBH Kinetic Pivot Mass SMBH kinetic pivot mass (Mpivot eqn. 1) 108M 2.5× 106M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consequence, when replacing the total halo mass by its proxy, the
mass-weighted temperature within R500c, the MBH − Tmw rela-
tions, as shown in the bottom plot of Fig. 7, reflect faithfully the
MBH − Mtot relations thereby preserving the characteristic fea-
tures of each considered model as discussed above.
The TNG-inspired findings of Fig. 7 can have far-reaching im-
plications, but also conceal a number of conceptual complexities.
Firstly, the results of Fig. 7 suggest that, even if observations re-
veal tight correlations between SMBH masses and the X-ray tem-
perature of the gas on group/cluster scales in the present Universe,
these correlations do not necessarily need to be a reflection of the
direct impact of SMBH feedback on the temperature of the intra-
group/cluster gas; rather, they can be an indirect consequence of
the way SMBH feedback (and also stellar feedback) determine the
availability of gas in the innermost regions of galaxies, that in turn
can participate to SMBH growth via accretion, particularly at ear-
lier epochs.
On the other hand, it is important to mention that when using
other estimators of the gaseous temperature such as the emission-
weighted Tew (not shown for brevity), the MBH − Tew reflection
of the MBH −Mtot relation is less perfect than the case of Tmw:
this is due to the fact that the estimation of Tew involves the hot gas
content, which instead does greatly depend on the used model. We
expand on this last notion in Appendix B, where we show that the
X-ray luminosity of the hot gas, both within halo scales (< R500c)
and within smaller galactocentric distances (< 0.25 × R500c),
is greatly impacted by different implementations of the feedback
physics. There we also show that, while the effects of (different)
feedback recipes get washed out when the gas temperature is av-
eraged throughout the halo bodies (within R500c), the TNG model
variations can impact in non-negligible manners the temperature of
the gaseous atmospheres at smaller galactocentric distances, as al-
ready pointed out in a number of TNG analyses (e.g. Truong et al.
2020; Zinger et al. 2020).
In summary, the above exercise reveals that stellar feedback
mainly affects the overall normalisation of the SMBH–hot atmo-
sphere relations, while leaving the shape of the relations largely
unaffected6. On the other hand, SMBH kinetic feedback impacts
the SMBH growth rate at the high-mass end in the direction that it
truncates the otherwise fast growth enabled by gas accretion. This
exercise illustrates how the exact form of the SMBH–hot atmo-
sphere relations depends crucially on both stellar and SMBH feed-
back. On these lines, the interested reader can refer to e.g. Habouzit
et al. 2020 for a detailed comparison of the fiducial Illustris and
TNG models on the SMBH-galaxy mass relations.
Finally, at least within the TNG modeling, SMBH feedback
does leave an imprint on the thermodynamical (and thus X-ray
observable) properties of the circum-galactic and halo gas also
in the outer reaches of the gaseous haloes, as theoretically advo-
cated and demonstrated also by, among others, Gaspari et al. 2019;
Zinger et al. 2020 and previously e.g. Barnes et al. 2017; Le Brun
et al. 2017; Truong et al. 2018. However, within the TNG frame-
work, such imprints are stronger and more direct in the case of the
gas density and the X-ray luminosity rather than gas temperature:
hence, the observed correlations between the masses of SMBHs
6 Note that the variation denoted here as “No Stellar feedback” is some-
what different from that denoted as “No galactic winds” in Pillepich et al.
2018a, where also metal-line cooling is switched off. A comparison be-
tween the two reminds us that also the choices on gas cooling are relevant
for the determination of SMBH growth.
and the X-ray temperature of the gas atmospheres to zeroth or-
der may encode more information about SMBH growth rather than
SMBH feedback.
6 SUMMARY AND CONCLUSIONS
The recent discovery of tight correlations between the mass of the
central SMBH and the X-ray temperature and luminosity of the hot
atmosphere permeating the host galaxy suggests that the gaseous
component can play an important role in tracing the growth of
SMBHs in massive galaxies (Bogda´n et al. 2018; Phipps et al. 2019;
Lakhchaura et al. 2019; Gaspari et al. 2019; Martı´n-Navarro et al.
2020).
In this work, we have investigated the relationship between
SMBHs and X-ray properties of hot atmospheres from galactic to
cluster mass and spatial scales. In particular, we have employed
simulated galaxies from the IllustrisTNG simulations, with a fo-
cus on the outcome of the TNG100 run and of a number of sim-
ulations where the underlying galaxy physics model was varied.
We have carried out a mock X-ray analysis of the simulated galax-
ies in order to directly compare with X-ray observations. We have
discussed the growth of SMBHs in the TNG simulations, their
correlation with the properties of the X-ray emitting gas perme-
ating star-forming and quenched galaxies, and the radial depen-
dence within haloes of such correlations, i.e. by considering the
hot volume-filling gas within the galactic bodies (< Re), within
the circum-galactic coronae (< 5Re), and throughout the intra-
group/cluster media (< R500c). We have discussed the simulation
outcome within the context of the self-similar model and contrasted
it to analytical scaling relations between SMBH masses and gas
X-ray temperature and luminosity obtained assuming that SMBH
mass traces halo mass. In addition, we have also examined the im-
pact of stellar and SMBH feedback on the shape and scatter of the
correlation of the SMBH mass with the properties of the hot atmo-
spheres. Here, we summarise our main results and insights:
(i) In the TNG framework, the growth of SMBHs can be
approximately subdivided into three distinct regimes (Fig. 2):
a slow- or non-growing phase in low-mass galaxies (with halo
mass Mtot . 1011M) also due to stellar feedback, which
prevents the accumulation of large amounts of dense gas in the
centre of galaxies; a fast-growing period in intermediate-mass
galaxies (1011 . Mtot . 1012M) via gas accretion; and a
declining phase in massive galaxies (Mtot & 1012M), where
SMBH feedback heats and expels gas from the centre of galaxies
and where SMBHs mostly grow via mergers. We find a strong
(rP ' 0.87) and tight (σMBH ' 0.14 dex) correlation between
SMBH masses and their host halo masses in the third regime,
which could be a natural outcome of the hierarchical assembly
process. We show that, with a typical exposure time of 100 ks with
the Chandra X-ray Observatory, X-ray data can be used to probe
parts of the second and third regimes (Mtot & 1011.5).
(ii) Concerning the correlations between the masses of SMBHs
and the X-ray properties of the gas within and around galaxies,
TNG predicts there exist significant correlations (|rP| > 0.5) only
in the quenched population (Fig. 3). Among the two considered
X-ray quantities, the X-ray temperature (TX) correlates with
SMBH mass better than X-ray luminosity (LX).
(iii) According to the TNG model, the correlations of the
central SMBH masses with the hot gas properties, MBH − TX and
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MBH − LX, become more significant and exhibit smaller intrinsic
scatters when the effective gas properties are integrated within
progressively larger galactocentric distances (Fig. 4). Importantly,
the MBH − TX relation at r & 5Re has a small intrinsic scatter
of ∼ 0.2 dex. We also show that the hot gas properties are better
connected with total halo mass than with the central SMBH mass,
at all spatial scales (Fig. 5). In fact, such correlations between
gas properties and total halo mass are in place also in the absence
of SMBHs and their feedback, and also for the gas within a
few effective stellar radii (Figs. 4, 7). All these results support a
picture whereby the SMBH-hot gas relations are fundamentally a
reflection of the MBH −Mtot relation.
(iv) The TNG simulations reproduce reasonably well the ob-
served MBH − TX and MBH −LX relations across the considered
mass range, subject to uncertainties in both SMBH mass and
X-ray measurements in both simulations and observations (Fig. 6).
The level of agreement, however, varies among the considered
apertures and is the best at the largest radii (within R500c, i.e. at
halo scales).
(v) On the other hand, we show that the exact form of the
SMBH-X-ray relations is sensitive to stellar and AGN feedback,
which affect the relations in distinctive ways (Fig. 7 and Ap-
pendix B). For the SMBH mass-temperature relation, particularly
for gas on halo scales, this modulation is due to the indirect effects
of feedback on the SMBH growth – via the determination of the
availability of gas for accretion –, rather than to a direct effect on
the gas temperature. Stellar feedback mainly impacts the relations
in the low-mass regimes (i.e. at early times) of the SMBH’s
growth, suppressing black hole growth and thereby affecting the
overall normalization of the relations. SMBH (kinetic) feedback,
on the other hand, acts on the SMBH growth in the high-mass
(late-time) regimes, by limiting gas availability and by ushering a
regime where SMBH growth is dominated by mergers.
In conclusion, in this paper we have furthered our understand-
ing of the SMBH – gaseous halo connection suggested by recent X-
ray observations and revealed by the existence of tight MBH − TX
and MBH − LX correlations. We have demonstrated that the out-
come of the TNG simulations is broadly consistent with such ob-
servations, lending credibility to the set of insights provided by
our analysis. Going beyond what has been accessed observationally
so far, the TNG simulations indicate that the SMBH mass should
better correlate with the X-ray measurements of the atmospheric
temperatures within larger, rather than smaller, galactocentric aper-
tures, in line with the expectations from the self-similar ansatz. Fur-
thermore, within the TNG framework, our analysis suggests that
the observed correlations between SMBH and gas properties are
primarily inherited from the relationships between SMBH mass
and total halo mass (MBH−Mtot), which at the high-mass end (and
only then) are the result of the merging of both SMBHs and dark-
matter haloes. In other words, the existence of the observed correla-
tions between the SMBH mass and the atmospheric gas X-ray tem-
perature and luminosity in TNG is fundamentally a reflection of the
underlying relations among SMBH masses, atmospheric gas prop-
erties, and total halo mass. In fact, hot gaseous atmospheres develop
within haloes in first place not because of the effects of feedback,
but because of gravitational collapse within a hierachical growth of
structure scenario. On the other hand, the exact shape and scatter of
the relations do sensitively depend on non-gravitational processes
such as star-formation and AGN feedback, so that SMBH feedback
can indeed imprint a modulation on such relationships, particularly
so at the group and galaxy mass scales and for the atmospheric gas
that is closer to the galaxies’ or haloes’ center. Yet, it could be said
that, to zeroth-order, the TNG simulations show a non-causal (i.e. at
least, non-direct) relationship between the central SMBH mass and
the temperature of the circum-galactic and intra-cluster hot atmo-
spheres on halo scales. These results are relevant to the eROSITA
mission (Merloni et al. 2012), which is expected to measure the X-
ray gas luminosity and temperature for tens of thousands of new
clusters, groups, and galaxies.
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APPENDIX A: IMPACTS OF NON-GRAVITATIONALLY
BOUND GAS ELEMENTS
We investigate how including non-gravitationally bound gas ele-
ments might affect simulated X-ray quantities (TX andLX), as well
as their relationship with SMBHs mass. To do this, we compare the
results obtained from two different types of gas cells selection from
simulations: one is based on the SUBFIND algorithm, which is the
fiducial method we employ in this paper, and the one based on the
FOF algorithm. While the former method selects only gravitation-
ally bound gas elements to the host halo, the latter includes both
gravitationally and non-gravitationally bound gas elements, which
mainly consist of gas cells attached to subhaloes (satellites) and
partly fast-moving elements driven by stellar or SMBH feedback.
In simple words, the SUBFIND method does excise the contribution
of gas cells from satellite galaxies while the FOF selection does not.
In Fig. A1, in the top panels we show the comparison between two
types of selection forM−TX andMBH−LX relations of the intra-
cluster medium (i.e. measured within R500c). In the bottom panels,
we show an example of mock X-ray spectra of a galaxy at the low-
mass end, where the two selections display the most pronounced
difference.
The main effect of using the FOF selection, compared to the
SUBFIND method adopted throughout this paper, is that it causes
the X-ray scaling relations to be less significant, with larger scat-
ters. For instance, the FOF-based MBH − TX relation (rP ∼ 0.58)
is much weaker than the SUBFIND-based counterpart (rP ∼ 0.58).
The former also exhibits remarkably higher intrinsic scatter than
the latter, by more than 0.1 dex. This is due to, as visible in the
top-left panel of Fig. A1, the low-temperature systems (TX . 1
keV) whose temperature increases significantly in the case of the
FOF gas selection, i.e. when the contribution from satellite gas is
not excised. The change in the temperature of those systems also
modifies the shape of the MBH − TX relation, especially its nor-
malisation, which in the case of the FOF selection is about a factor
of two lower than the corresponding SUBFIND-based value. On the
other hand, the best-fit FOF-based MBH − LX relation varies in-
significantly compared to the SUBFIND-based, given the relation
intrinsic uncertainties.
Further inspection of mock X-ray spectra of an example low-
mass galaxy, as shown in the bottom row of Fig. A1, reveals that
gas phase in the case of FOF selection accommodates more hot
temperature components than in the case of SUBFIND selection.
This is evident, as shown in the bottom plots, that the FOF-selected
mock spectrum clearly prefers a two-temperature model (2T) over
a single-temperature model (1T), while for the SUBFIND-selected
mock spectrum the two models fit approximately equally well. The
hotter components might come from hot atmospheres associated
with satellite galaxies that belong to the same halo, or they might be
partly of highly-ejective gas cells, which could be of high temper-
ature, driven by stellar or SMBH feedback. When including those
extra components into the mock X-ray spectra, the resulting best-fit
temperature no longer closely reflects the potential well of the cen-
tral galaxy, thereby lessening the significance of the SMBH mass–
temperature relation. We note again that this effect is mostly promi-
nent in low-temperature (or low-mass) systems, while in massive
systems the gravitational potential well predominantly determines
the gas temperature. We discuss at the end of Section 4 how this
result might be relevant for observational studies of theMBH−TX
relation.
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Figure A1. The effects of different gas selections on the SMBH–X-ray scaling relations: with and without satellites excised as implemented in the simulations
by adopting FOF vs. SUBFIND-based gas cells. Top row: The X-ray scaling relations MBH − TX (left) and MBH − LX of intra-cluster medium (< R500c)
shown for the two types of gas cells selection. Bottom row: an example of mock X-ray spectra for a low-mass TNG100 galaxy, for the selection with satellites
being excised (left) and without satellites excised (right). The solid and dashed lines are the corresponding best-fit curves for 1T and 2T model, respectively.
APPENDIX B: EFFECTS OF PHYSICS VARIATIONS ON
GAS PROPERTIES
Expanding on the discussion in Section 5, in this Section we fur-
ther examine how gas properties, e.g. temperature and luminosity
measured at various galactocentric distances, depend on the used
simulation model. Fig. B1 shows the Tmw −Mtot relation, where
Tmw is measured within 0.25R500c, in addition to the relation with
Tmw measured within R500c shown in Fig. 7, and the LX −Mtot
relations with LX measured within each of the two radii.
Unlike the case at the large radius (< R500c), within the
smaller radius (< 0.25R500c), the considered model variations do
produce Tmw − Mtot relations that differ from the one obtained
from the fiducial model, and by non-negligible amounts, e.g. com-
pared to the intrinsic scatter of the fiducial relation. In addition,
we notice that the intrinsic scatters of those relations within the
smaller aperture are larger than the results within the larger one.
For instance, for the fiducial model, the intrinsic scatters of the two
Tmw−Mtot relations at large (< R500c) and small (< 0.25R500c)
radii are 0.17 and 0.24 dex, respectively. These results imply that
the gas temperature at small galactocentric distances is more sensi-
tive to the used feedback recipes (see also previous TNG analyses,
e.g., Truong et al. 2020; Zinger et al. 2020).
On the other hand, the X-ray luminosity relations are greatly
affected by model variations at both considered radii. Among the
considered recipes, the model without SMBH kinetic feedback ap-
pears to produce the most visibly different LX − Mtot relation
in comparison to the fiducial outcome. The difference is present
even at the high-mass end (Mtot & 1013M), where the other
model variations’ relations appear to converge toward the fiducial
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one. For instance, at Mtot ∼ 1013M, the LX(< R500c) obtained
from the model without SMBH kinetic feedback is larger than the
fiducial value by about one order of magnitude. This result can be
explained by the ejective effect of SMBH kinetic feedback in TNG
model which, as well documented in previous works (e.g. Wein-
berger et al. 2018; Terrazas et al. 2020; Zinger et al. 2020), reduces
the gas density of the galaxy and halo gas, resulting in suppressed
gaseous X-ray luminosities.
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Figure B1. The impacts of stellar and SMBH feedback on gaseous proper-
ties of the hot atmospheres, within the TNG model. Top row: the Tmw −
Mtot relation shown for various models where Tmw is measured within
0.25R500c, in addition to the relation with Tmw measured within R500c
shown in Fig. 7. Middle and bottom rows: the LX −Mtot relations with
LX measured within R500c and 0.25R500c, respectively.MNRAS 000, 000–000 (0000)
